Stroke patients with motor deficits typically feature enhanced neural activity in several cortical areas when moving their affected hand. However, also healthy subjects may show higher levels of neural activity in tasks with higher motor demands. Therefore, the question arises to what extent stroke-related overactivity reflects performance-level-associated recruitment of neural resources rather than stroke-induced neural reorganization. We here investigated which areas in the lesioned brain enable the flexible adaption to varying motor demands compared to healthy subjects. Accordingly, eleven well-recovered left-hemispheric chronic stroke patients were scanned using functional magnetic resonance imaging. Motor system activity was assessed for fist closures at increasing movement frequencies performed with the affected/right or unaffected/left hand. In patients, an increasing movement rate of the affected hand was associated with stronger neural activity in ipsilesional/left primary motor cortex (M1) but unlike in healthy controls also in contralesional/right dorsolateral premotor cortex (PMd) and contralesional/right superior parietal lobule (SPL). Connectivity analyses using dynamic causal modeling revealed stronger coupling of right SPL onto affected/left M1 in patients but not in controls when moving the affected/right hand independent of the movement speed. Furthermore, coupling of right SPL was positively coupled with the "active" ipsilesional/left M1 when stroke patients moved their affected/right hand with increasing movement frequency. In summary, these findings are compatible with a supportive role of right SPL with respect to motor function of the paretic hand in the reorganized brain.
also been shown to evoke higher levels of activity in several motor and non-motor areas (Jäncke et al., 1998b; Pool, Rehme, Fink, Eickhoff, & Grefkes, 2013 Rao et al., 1996) . For example, we recently demonstrated that performing hand movements at higher frequencies is associated with an increase in neural activity within M1 contralateral to the moving hand and ipsilateral cerebellum (Pool et al., 2013 (Pool et al., , 2014 .
Hence, the question arises whether in well-recovered stroke patients such activation increases take place in the same regions as observed in healthy subjects, or rather in other/additional areas as a consequence of neural reorganization. So far, network interactions of the affected motor system have been investigated by using one performance level (Grefkes et al., 2008b; Rehme, Eickhoff, Wang, Fink, & Grefkes, 2011a) but data are scarce on how the lesioned brain is able to adapt to different motor demands after stroke. We, therefore, have chosen a motor task with three performing levels, according to previous studies with healthy subjects (Pool et al., 2013 (Pool et al., , 2014 , to investigate the underlying neural mechanisms in the reorganized brain after motor stroke. As the role of parietal cortex in motor recovery has been rarely addressed in previous connectivity studies despite the fact that a number of studies demonstrated increased activity after stroke in this region (Grefkes et al., 2008b; Rehme et al., 2011b) , we also addressed the role of superior parietal cortex in the network analysis of the present study. Evidence already exists that in the reorganized brain, the specific role of a brain area may change with respect to generating or maintaining motor performance of the stroke-affected limb. For example, studies using transcranial magnetic stimulation (TMS) demonstrated that interfering with activity of contralesional dorsolateral premotor cortex (PMd) was associated with a decline in motor performance in stroke patients, but not in controls (Johansen-Berg et al., 2002; Fridman et al., 2004) . Likewise, TMS-induced disruption of neural activity in the anterior superior parietal lobule (SPL) resulted in a deterioration of timing and accuracy of finger movements in stroke patients only (Lotze et al., 2006) . Given that these areas of the contralesional hemisphere seem to be behaviorally relevant in the reorganized motor network, it may well be that they also hold a role in facilitating movements of the paretic hand at higher motor demands (e.g., higher movement speed).
To assess the mechanisms underlying the dynamic modulation that allows the reorganized brain to adapt to varying motor demands, we investigated eleven well-recovered chronic stroke patients with only mild hand motor deficits and eleven healthy, age-matched controls using functional magnetic resonance imaging (fMRI). Based on the literature, we hypothesized that brain regions previously implicated in motor recovery after stoke, that is, premotor areas (Johansen-Berg et al., 2002; Rehme et al., 2011a Rehme et al., , 2011b and parietal regions (Lotze et al., 2006) , are also responsible for providing stable motor performance that is comparable to that of healthy controls. In order to further elucidate the role of these areas within the reorganized motor network, we also computed analyses of effective connectivity using dynamic causal modeling (Friston, 1994) . With regard to increasing motor demands, we have previously shown that in healthy subjects higher movement frequencies are associated with a steady increase in neural coupling strengths from contralateral premotor regions (Pool et al., 2013 (Pool et al., , 2014 . Similarly, in stroke patients, previous effective connectivity studies have demonstrated that reduced motor performance of the paretic hand correlated with the coupling strength of premotor-M1 connections in subacute and chronic stroke patients (Rehme et al., 2011a; Wang et al., 2011) . Therefore, we hypothesized that in well-recovered stroke patients, ipsilesional premotor-M1 connectivity increases with higher motor demands of the paretic hand. In addition, we reasoned that also connectivity of areas like PMd or anterior SPL within the contralesional hemisphere, which in the past have been identified to specifically contribute to motor performance after stroke (Johansen-Berg et al., 2002; Lotze et al., 2006) , covaries with the motor output generated by the paretic hand.
| M A TER I A LS A N D M ETH OD S 2.1 | Participants
Eleven patients (mean age 70.8 years 6 9.3 SD) with mild unilateral hand motor deficits due to a first-ever ischemic stroke, and 11 healthy subjects participated after providing informed written consent. One patient reported left-handedness. All remaining subjects were righthanded according to the 10-item Edinburgh-Handedness-Inventory (EHI) (Oldfield, 1971) . We, therefore, also computed whether differences between the two groups remain significant when removing the left-handed patient (see results section). Please note that in patients EHI was assessed for the time before stroke. Stroke lesions were exclusively located within left hemisphere (further referred to as "affected hemisphere"). Therefore, the right hand was the "affected hand" in all stroke patients. Demographical and clinical information of the stroke patients are summarized in Table 1. Patients were included based on the following criteria: (1) stroke in the chronic stage, that is, more than three months post insult (95% of spontaneous motor recovery occurs within the first three months poststroke; Duncan, Goldstein, Matchar, Divine, & Feussner, 1992; Kwakkel, Kollen, & Twisk, 2006; Nakayama, Jorgensen, Raaschou, & Olsen, 1994) , (2) unilateral motor deficit, (3) absence of aphasia, neglect, apraxia, or epilepsy, and (4) no mirror movements. The clinical deficit was rated by an experienced neurologist directly before the fMRI experiment using the National Institutes of Health Stroke Scale (NIHSS) which is a rating scale that describes the neurological status after stroke based upon functions such as consciousness, visual fields, sensation, movement, speech, and language (range 0-42; 0 5 no deficit, 42 5 most severe deficits; http:// www.ninds.nih.gov/doctors/NIH_Stroke_Scale.pdf) (Brott et al., 1989) . In addition, the motor deficit was rated using the Motricity Index, a brief rat-age 63.8 years 6 9.8 SD) with no history of neurological or psychiatric disease served as controls. There was no significant between-group difference with respect to age (p > .1). All healthy subjects underwent structural MRI (T1 imaging). The scans were examined by a neurologist experienced in neuroradiological diagnostics in order to screen for structural abnormalities. Importantly, no subject of control group showed any white matter lesion. The study was approved by the local ethics committee and performed in accordance with the Declaration of Helsinki.
| fMRI design
For motor system activation, we used a block-design task where all participants were asked to perform fist closures with their right or left hand at three different frequencies: (i) 0.5 Hz, (ii) 1.0 Hz, and (iii) 2.0 Hz; yielding six experimental conditions. The movement frequencies were based on pre-tests conducted in stroke patients showing that fist closure frequencies higher than 2.0 Hz are often beyond the motor skills of the patients. In turn, pilot fMRI scans in three healthy subjects showed that movement frequencies lower than 0.5 Hz only yielded very weak levels of BOLD activity. As robust activation at a single subject level is important for region-of-interest (ROI) based approaches like DCM, we defined 0.5 Hz as the lowest frequency. We decided to use identical movement frequencies in both patients and controls to control for similar sensory (visual, proprioceptive) stimulation. Hence, presumed group differences are likely to reflect processes associated with movement execution and control.
The task was presented on a shielded thin-film transistor (TFT) screen at the rear end of the scanner that was visible via a mirror mounted on the MR head coil. Written instructions ("right hand" or "left hand") were displayed for 2s indicating which hand had to be moved in the upcoming block of trials. In all patients, "right hand" was also equivalent with the affected hand as mentioned above. Then, the instruction text was replaced by a white circle that started to blink in red at one of the three frequencies. Subjects were asked to perform fist closures at that frequency until the circle disappeared. Blocks of fist closures (15 s) were separated by resting baselines (15 s plus a temporal jitter of 1-2.5 s) in which a black screen instructed the subjects to rest until the next instruction text appeared. Each condition was repeated five times throughout the experiment. The sequence of blocks was pseudo-randomized for each subject. The whole experiment consisted of 24 blocks and lasted 12 min. Compliance of the subjects inside the scanner was documented by an experimenter standing next to the subject and counting the number of fist closures per block. Subjects were familiarized with the task twice, first outside the scanner, then inside the scanner. Each subject was able to perform the task without difficulty after a few practice trials due to the relative simplicity of the motor task (excluding relevant learning effects). (Ashburner & Friston, 2005) . Finally, data were smoothed using an isotropic Gaussian kernel of 8 mm full-width-at-half-maximum.
| Image acquisition and processing
For statistical analysis, boxcar vectors for each condition were convolved with a canonical hemodynamic response function as implemented in SPM8 to create the regressors of interest in the framework of the general linear model (GLM). We pursued a parametric analysis approach in order to identify neural activity that was modulated by different levels of movement frequency. Accordingly, GLMs were computed at a single subject level with onset regressors for each hand (right hand, left hand) and respective parametric regressors (1 st order polynomial expansion) coding the frequency of the given condition.
The time series in each voxel were high-pass filtered at 1/128 Hz to remove low-frequency drifts. The head movement parameters were treated as covariates to remove movement-related variance from the image time series. All subjects did not move more than 2 mm in x, y, z directions, and also head rotation was within acceptable limits (<18).
The temporally jittered instruction period was separately modeled as an additional regressor (thus separated from rest and the movement conditions), but not further analyzed in the group analysis. The parameter estimates for all four conditions (main effect "right-hand movements", parametric modulation "right-hand movements", main effect "left-hand movements", parametric modulation "left-hand movements")
were subsequently compared between subjects (n 5 22) in a full factorial analysis of variance (ANOVA). To ensure that significant effects between groups were not driven by residual differences in fist closure frequencies, the numbers of fist closures per condition were added as a covariate to the analyses. A threshold of p < .05 (cluster-level familywise error (FWE)-corrected; cluster forming threshold p < .001 uncorrected at voxel level) was employed to detect significant neural activity.
The coordinates of the local activation maxima at the group level served as starting points to identify the motor regions of interest (ROIs) at the single subject level for the ensuing connectivity analysis.
| Dynamic causal modeling
We used deterministic bilinear DCM (Friston, Harrison, & Penny, 2003) implemented in SPM8 to model effective connectivity between distinct brain regions, resulting in three sets of parameters: (i) endogenous coupling irrespective of the actual experimental condition (DCM A-matrix),
(ii) parameters for context-dependent changes in coupling evoked by the experimental conditions (here: movements of the left or right hand (main effect) at different frequencies (parametric regressor for left and right hand), DCM B-matrix), and (iii) the direct experimental input to the system that drives regional activity (DCM C-matrix). We explicitly decided to use SPM8 to ensure a better comparability with previous DCM studies investigating the motor system of both healthy subjects and stroke patients (e.g., Grefkes et al., 2008b; Pool et al., 2013; Rehme et al., 2011b) because the way how the coupling parameters are computed fundamentally differ between different SPM versions and hence cannot be compared.
DCM as a hypothesis-driven approach relies on a priori neurobiological comprising relevant regions and connections involved in the given motor task. Regions that have been reported to show altered activity in stroke patients further motivated the selection of areas. In DCM, the number of areas that can be included in a model is limited for computational reasons (Stephan et al., 2010) . However, the obtained connectivity parameters may not be assumed to necessarily reflect monosynaptic anatomical connections but rather the net effect a region exerts on activity of another region, transmitted via direct connections, a single relay region or more complex subcortical loops. We, therefore, focused on specific regions suggested by the literature and the given motor task. Accordingly, we included M1, SMA, and PMd representing core regions of the motor system (Witt, Laird, & Meyerand, 2008) . In contrast to earlier studies, we chose PMd as ROI rather than PMv as the former region showed significant between-group effects in the GLM analysis ( Figure 2 ). Similar between-group effects were found for anterior SPL, that is, a region strongly interconnected with PMd (Johnson, Ferraina, Bianchi, & Caminiti, 1996; Pandya and Seltzer, 1982) and engaged in arm-hand coordination (Gnadt and Andersen, 1988; Snyder, Batista, & Andersen, 1997) . Therefore, we also included anterior SPL in the model.
As DCMs are computed at the single subject level, we extracted the first eigenvariate of the BOLD time-series, adjusted for effects of no interest, from these 10 regions-of-interest (ROIs) at subject specific coordinates based on the fMRI results. ROIs were defined as spheres (radius: 4 mm) centered upon individual activation maxima based on individually normalized SPMs (Supporting Information, Table 1 ). Lefthemispheric ROIs were identified by using a conjunction analysis across the experimental conditions of the right hand, while ROIs in the right hemisphere were identified in a conjunction analysis of the corresponding left hand conditions. As individual activation maxima may vary across subjects (Eickhoff, Heim, Zilles, & Amunts, 2009 ), we ensured comparability by selecting coordinates according to the following anatomical constraints: M1 on the rostral wall of the central sulcus at the "hand knob" formation (Yousry et al., 1997) , supplementary motor area (SMA) on the mesial wall within the interhemispheric fissure between the paracentral lobule (posterior landmark) and the anterior commissure (Picard and Strick, 2001) , PMd situated at the junction of the superior precentral sulcus and superior frontal sulcus (Grafton, Fagg, & Arbib, 1998; Kurata and Hoffman, 1994) and the anterior superior parietal cortex that is located posterior to the postcentral sulcus and medial to the intraparietal sulcus (Grefkes, Ritzl, Zilles, & Fink, 2004; Scheperjans et al., 2008) . As movements were driven by a blinking visual cue, strongest activity within the visual cortex was found at the occipital
poles corresponding to the foveal representations in the primary visual cortex (V1). Accordingly, V1 was selected as sensory input region (DCM C-matrix) for all models. This "driving signal" is then relayed to other areas of the parietofrontal system, be it directly or indirectly. This is why we assumed a modulation of efferent V1 connectivity to all other parietofrontal areas of interest (e.g., bilateral SMA, PMd and SPL) that were accordingly defined as input regions (DCM C-matrix) in all models (Wang et al., 2011) . All ROIs were extracted in each subject from both hemispheres using a threshold of p < .001 (uncorrected).
The coordinates of all individual ROIs are given in Supporting Information, Table 1 . Based on structural connectivity data derived from invasive studies in macaque monkeys (Bakola, Passarelli, Gamberini, Fattori, & Galletti, 2013; Boussaoud, Tanne-Gariepy, Wannier, & Rouiller, 2005; Luppino, Matelli, Camarda, & Rizzolatti, 1993; Rouiller et al., 1994) , we assumed endogenous connections as specified in Table 2 .
| Bayesian model selection
In DCM, it is not possible to test all alternative models due to the combinatory explosion leading to millions of possible models that cannot be computed in a reasonable amount of time. Based on a "fully connected" DCM A-matrix, we set up alternative models of varying complexity representing biologically plausible hypotheses on interregional coupling among ROIs during (i) movements of the right hand independent of the movement frequency and (ii) its frequency-dependent modulation, and during (iii) movements of the left hand independent of the movement frequency, and (iv) its frequency-dependent modulation (DCM B-matrix). We aimed at systematically varying connectivity given that the condition-specific modulation of endogenous connectivity does not necessarily affect all possible connections (Friston et al., 2003; Stephan et al., 2010) .
Starting from a "fully connected" DCM B-matrix (i.e., all connection that were assumed in the DCM A-matrix; Supporting Information, Fig 
| Behavioral tests
Motor performance was tested after the fMRI experiment in the following two domains: (1) maximum fingertapping frequency and (2) maximum grip force. The maximum fingertapping frequency of the affected/right or unaffected/left index finger was assessed by averaging five 3 s trials separated by a resting period of about 30 s to prevent fatigue. The maximum grip force was assessed for each hand in three consecutive trials using a vigorimeter, again separated by a resting period of about 30 s (Martin, Tuttlingen, Germany).
| Statistical analysis 2.7.1 | Behavioral data analysis
Statistical analyses of the behavioral data were conducted using SPSS (version 22, IBM). A repeated-measure ANOVA was used to test for effects of the factor "group" (2 levels: patients, controls) and "hand" (2 levels: affected/right hand, unaffected/left hand) on the dependent variable "movement frequency" (i.e., the average of the number of fist closures per block; 3 levels: 0.5 Hz, 1.0 Hz, and 2.0 Hz) within the scanner. The factor "age" was included as covariate to account for between-group differences related to that factor. Furthermore, a repeated-measure ANOVA was used to test for effects of the factor "group" (2 levels: patients, controls) and "hand" (2 levels: affected/right hand, unaffected/left hand) on the dependent variable "behavioral tests" (2 levels: maximum fingertapping frequency, maximum grip force) after the MR experiment. Again, the factor "age" was included as covariate. When sphericity was violated, the Greenhouse-Geisser correction was applied. Finally, independent samples t tests were computed to investigate differences between the two groups in maximum fingertapping frequency and maximum grip force. 
| Connectivity data analysis
The DCM coupling parameters were tested for statistical significance using a one-sample t test (p < .05, false discovery rate (FDR)-corrected for multiple comparisons). Please note, that we did not test connections originating from V1 in order to reduce the number of comparisons from 90 to 56 (especially as we were mainly interested in between-group differences in parieto-frontal connectivity, and less in long-range/multisynaptic connections involving V1). Connections that were modulated by movements of the affected/right or unaffected/left hand (i.e., independent of the movement speed) and by the linear modulation of hand movement frequency were identified in the DCM-B matrix. To test whether there was a difference in movementdependent modulation between stroke patients and healthy controls, coupling strengths of corresponding connections were compared using t tests. We only considered connections in DCM-B that were also statistically significant in DCM-A (as the modulation of a nonsignificant endogenous connection is not meaningful). The significance threshold was defined at p < .05, two-tailed (FDR-corrected for multiple comparisons).
| R E SU LTS

| Behavioral results
When initially admitted to hospital, the mean NIHSS score of the patients was 7.0 6 5.3 SD. At the time of the fMRI experiment (>5 months later), the NIHSS of all patients had strongly improved (range:
0-1; mean: 0.2 6 0.4 SD). A nonparametric Friedman test was conducted and revealed that the group of patients that participated in this study had experienced substantial recovery (v 2 (1) 5 11.00; p 5 .001) resulting in almost no remaining stroke symptoms. Similarly, when focusing on the motor arm scores of the NIHSS (range: 0-4), there was a significant improvement when comparing the "motor arm" NIHSS obtained at the time of admission to the hospital (mean: 1.5 6 1.5 SD) with the "motor arm" NIHSS obtained at the day of our experiment (mean: 0 6 0 SD) (v 2 (1) 5 8.00; p 5 .005). Motor performance inside the MR scanner (i.e., the average of the number of fist closures per block, Supporting Information, Figure   2 ) was not significantly different between healthy controls and patients due to the relative simplicity of the hand motor task (no main effect of GROUP (F (1,19) 5 0.322; p 5 .577) and no GROUP 3 HAND interaction (F (1,19) 5 1.016; p 5 .326)). Therefore, differences in fMRI parameters are unlikely to be caused by group differences in sensory feedback or overt motor performance inside the scanner despite the fact that in the patients group maximal motor output was still reduced when compared to healthy controls. Please note that we did not record movement kinematics inside the scanner, so we cannot rule out that there is a between-group difference despite similar movement frequencies.
However, when testing for differences in behavioral tests assessed after the MR experiment, the ANOVA showed a significant GROUP 3 HAND interaction (F (1,19) 5 5.076; p 5 .036). Independent t tests further revealed that patients featured both reduced maximum fingertap- 
| Frequency-dependent changes in neural activity
When testing for differences at the neural level, the main effect of hand irrespective of movement frequency yielded similar activation patterns for both stroke patients and controls, with activity in a network of cortical and subcortical areas comprising the bilateral V1 and extrastriate cortex, the contralateral M1, bilateral SMA, bilateral ventral premotor cortex (PMv) and bilateral PMd along the precentral sulcus, somatosensory regions (S1, S2), and the thalamus (p < .05, FWE-corrected at the cluster level, cluster forming threshold p < .001 uncorrected at voxel level; Figure 2a ). When formally testing for differences, neither movements of the affected/right hand nor movements of the unaffected/left hands showed significant group differences.
When testing for the specific effect of different movement frequencies (i.e., 0.5 Hz, 1.0 Hz, and 2.0 Hz) on BOLD activity levels in healthy controls, we found significant effects for clusters of voxels When testing for differences between patients and controls no significant voxels survived after correction for multiple comparisons.
However, when using an exploratory threshold of 0.001 (uncorrected at the voxel level) to be more sensitive given the small sample size, clusters of voxels within contralesional ("unaffected") M1, PMd, and superior parietal cortex showed a significantly stronger frequencydependent increase when stroke patients moved their affected hand as compared to healthy controls (Figure 2b ). There were no significant differences when testing for the reverse contrast, that is, healthy controls did not show areas with significantly higher frequency-dependent increase compared to patients.
In summary, although patients were able to perform the task like healthy controls, their neural activity levels differed at higher motor demands with stronger recruitment of not only ipsilesional but also contralesional sensorimotor areas (i.e., M1, PMd, and anterior SPL). In the next step, we used DCM to answer the question, whether increased contralesional activity at higher movement frequencies exerted a positive or negative influence on ipsilesional activity.
FIG URE 2 (a) Neural activity for visually paced fist closures (main effect "hand") and the parametric modulation of "frequency" (n 5 2 3 11; p < .05, FWE-corrected on the cluster level; cluster forming threshold p < .001, uncorrected). For the main effect "hand," a network of cortical and subcortical areas is activated comprising the bilateral V1 and extrastriate cortex, the contralateral M1, bilateral SMA, bilateral ventral premotor cortex (PMv) and bilateral PMd along the precentral sulcus, somatosensory regions (S1, S2), and the thalamus. For the parametric modulation of "frequency," the contralateral M1 and in the right ventral premotor region are activated. (b) Differences between stroke patients and healthy controls (n 5 2 3 11; p < .001, uncorrected). Patients show a stronger frequency-dependent increase within contralesional superior parietal lobule (SPL) when moving their affected hand as compared to healthy controls [Color figure can be viewed at wileyonlinelibrary.com]
| Connectivity analyses 3.3.1 | Model selection
According to the random-effects Bayesian model selection (BMS), the fully connected model (Model 1) showed the highest protected exceedance probability of all tested models, and was hence considered the most likely generative model given the data (Supporting Information, Figure 3 ). This was also true when computing the BMS for stroke patients and healthy controls separately.
| Endogenous coupling (DCM A)
Figure 3a displays the coupling parameters for the endogenous (i.e., constant across the entire experiment) part of connectivity among the motor areas of interest in healthy controls (p < .05, FDR-corrected; see also Supporting Information, Table 2 ). The coupling parameters represent rate constants of the dynamical system determining the speed at which an effect takes place (Stephan et al., 2010) . Positive coupling parameters (green arrows) suggest a facilitation of neural activity, whereas negative coupling parameters (red arrows) can be interpreted as inhibition of neural activity. Please note that the obtained connectivity parameters may not be assumed to necessarily reflect monosynaptic anatomical connections but rather the net effect a region exerts on the activity of another region, for example, transmitted via direct connections, a single relay area or more extensive loops.
In healthy controls, the endogenous coupling of neural activity among the motor areas was largely symmetrically organized across both hemispheres (Figure 3a and Supporting Information, Table 2 ).
Premotor regions and SPL exerted the most prominent positive influence on intrinsic M1 activity. Transcallosal interactions between both M1 revealed a negative coupling in both directions.
When testing for differences in chronic stroke patients, we found no significant effects (p < .05, FDR-corrected; Figure 3b ). At an uncorrected level (p < .05), we observed in patients stronger neural coupling between SPL within the unaffected/right hemisphere and affected/left M1, and between affected/left SPL and both affected/left SMA and PMd were stronger as compared to healthy control subjects. It is important to note that the MNI coordinates of the M1 ROI were not statistically different between patients and controls, hence between group differences were not driven by a systematic shift of the M1 coordinates.
Similarly, the remaining connections were not significantly different between patients and controls. This finding also remained when removing the left-handed patient.
3.3.3 | Condition-specific changes (DCM B, main effect of hand) and frequency-dependent changes (DCM B, parametric modulation) of neural coupling Table   3 ). Neural activity within the contralateral "active" M1 was mediated by stronger bilateral coupling with SMA, PMd, and SPL when healthy subjects moved their right hand. In contrast, the influence of contralateral SMA and PMd onto M1 ipsilateral to the moving hand was negatively suggesting that activity of the "inactive" M1 was inhibited. Movements   FIG URE 3 (a) Endogenous connectivity in healthy controls that is largely symmetrically organized across both hemispheres (DCM A-matrix; n 5 11; p < .05, FDR-corrected). (b) Differences between stroke patients and healthy controls (DCM A-matrix; n 5 2 3 11; p < .05, FDR-corrected). Neural coupling strength exerted from SPL within the unaffected hemisphere upon affected M1 was significantly stronger in patients as compared to healthy controls. Green arrows 5 positive coupling rates; red arrows 5 negative coupling rates. The width of each arrow corresponds to the coupling strength. For mean coupling parameters and p values (one-sample t test against zero), see Supporting Information, Table 2 FIG URE 4 (a) Modulatory effects on effective connectivity (top 5 main effect "hand," bottom 5 parametric modulation "frequency") during right-and left-hand fist closures in healthy controls (DCM B-matrix; n 5 11; p < .05, FDR-corrected). Neural activity within the contralateral "active" M1 was especially mediated by stronger coupling with SMA, PMd, and SPL. (b) Differences between stroke patients and healthy controls (top 5 main effect "hand," bottom 5 parametric modulation "frequency") (DCM B-matrix; n 5 2 3 11; p < 0.05, FDR-corrected). The patients' group shows a stronger excitatory influence from ipsilateral/contralesional SPL upon affected M1 as compared to control subjects. Patients further showed an increase in the "frequency-dependent modulatory influence on the connection from ipsilateral/contralesional SPL upon affected M1 as compared to control subjects." Green arrows 5 positive coupling rate; red arrows 5 negative coupling rates. The width of each arrow corresponds to the coupling strength. For mean coupling parameters and p values (one-sample t test against zero), see Supporting Information, Table 3 
| D I SCUSSION
The aim of this study was to investigate how changing movement frequencies in well-recovered patients influence the interregional interactions within the stroke-lesioned brain. While some regions like M1 and adjacent cortex contralateral to the moving hand showed similar frequency-dependent activation effects in both patients and healthy subjects, we found also additional effects in patients for areas located in right hemisphere, that is, ipsilateral to the stroke-affected hand.
Among these areas, cortex in anterior contralesional/right SPL was positively coupled with the "active" ipsilesional/left M1 when stroke patients moved their affected/right hand independent of the movement frequencies and during increasing movement frequencies performed with the affected hand. The finding that this interaction was absent in healthy controls is compatible with a supportive role of contralesional/right SPL with respect to motor function of the paretic hand in the reorganized brain, especially at higher motor demands.
| Dynamic modulation within the reorganized motor network
| Functional relevance of premotor regions
When focusing on the effect of movement rate our fMRI data revealed that a higher frequency is associated with stronger neural activity, especially in M1 contralateral to the moving hand, in both stroke patients and healthy controls. It has been suggested that this increase in activity may reflect a stronger recruitment of motor neurons with higher movement frequencies, resulting in a stronger BOLD signal in the respective regions of the motor system (Jäncke et al., 1998a) . In addition, more sensory feedback from muscle spindles and joint receptors mediated by projections from the somatosensory cortex to Brodmann area 4 is also likely to contribute to higher neural activity within M1 (Geyer, Matelli, Luppino, & Zilles, 2000; Grefkes et al., 2010) . A number of studies have already demonstrated that in healthy subjects, activity of contralateral M1 covaries with different levels of motor demands in tasks probing the effects of different movement rates (Jäncke et al., 1998b; Pool et al., 2013 Pool et al., , 2014 Rao et al., 1996) . For example, we recently showed that performing hand movements at higher frequencies is associated with a linear increase in neural coupling strength from both SMA and PMv contralateral to the moving hand toward contralateral, "active" M1, suggesting that a stronger coupling between specific brain regions enables increased motor performance of simple unilateral hand movements (Pool et al., 2013 (Pool et al., , 2014 . It is well established that premotor regions (i.e., SMA, PMv, and PMd) have extensive projections to the hand area in M1 (Dum and Strick, 2005) and play, therefore, a crucial role in the cortical motor system enabling hand movements Strick, 2002, 2005) . This is also consistent with the connectivity data of the present study revealing that in both stroke patients and healthy controls premotor areas (SMA, PMd) modulate M1 activity in a frequency-dependent mode. Several neuroimaging experiments in humans already described the functional relevance of SMA for many unimanual tasks, especially for movement sequencing and internal pacing (Jenkins, Jahanshahi, Jueptner, Passingham, & Brooks, 2000; Passingham, 1989) . Electrophysiological studies further demonstrated that SMA activity impacts on the movement rate relation between firing rate within the SMA and speed of hand movement. In contrast, the PMd contributes to both preparation and selection of hand movements (Kurata and Hoffman, 1994) . In an electrophysiological study with monkeys, Johnson, Coltz, and Ebner (1999) observed a correlation between the firing rates of PMd neurons and movement speed. Similar frequency-dependent changes have also been revealed in humans. Debaere, Wenderoth, Sunaert, Van Hecke, and Swinnen (2004) showed a stronger neural activity according to higher movement rates within the PMd. Thus, rate-dependent increases of neural activity within M1 together with the neural coupling changes from premotor regions onto M1 observed in this study indicate that increasing motor performance results from a dynamic modulation of connectivity between distinct key motor regions. Such effects might enable the brain to flexibly adapt to an increasing motor demand, as reflected by differences in hand movement frequencies.
| Functional relevance of ipsilesional M1 and SPL
A key finding of this study is that in left-hemispheric chronic stroke patients additional areas, that is, areas not activated in healthy controls,
showed a frequency-dependent activation effect. Unfortunately, no kinematic recordings were conducted given that we do not have such equipment inside the MR scanner. Online monitoring of the patients did not reveal impaired performance with respect to movement amplitudes or mirror movements. Thus, the performed movement frequency of the patients inside the scanner was similar to that of healthy controls with no statistically significant difference (Price and Friston, 1999) .
However, the behavioral tests outside the scanner revealed that general motor performance as quantified by maximum tapping frequencies were still significantly lower compared to healthy controls. Therefore, it seems reasonable to assume that the generation of a similar motor output inside the scanner despite differences in maximum performance capacity is mediated by the recruitment of additional neural resources.
Strongest effects were observed for the cortex located in the anterior SPL of the right (contralesional) hemisphere (Figure 2b ). Several studies already demonstrated that successful recovery is associated with a normalization of pathologically enhanced brain activity in the unaffected hemisphere over time while patients with poor motor outcome are more likely to recruit motor and non-motor regions of the healthy hemisphere (Calautti et al., 2010; Rehme, Eickhoff, Rottschy, Fink, & Grefkes, 2012; Saur et al., 2006; Ward et al., 2003) . We found that movements of the affected/right hand in stroke patients were associated with stronger neural coupling exerted from contralesional/ right SPL onto affected/left M1. Several studies already revealed that this parietal region adjacent to the sensorimotor cortex is involved in the coordination of visually guided hand and arm movements (Deiber et al., 1991; Grafton, Mazziotta, Woods, & Phelps, 1992; Grefkes et al., 2004; Wexler et al., 1997) . In nonhuman primates, anterior SPL hosts the parietal reach region (monkey area P E , Pandya and Seltzer, 1982) , which is strongly interconnected with PMd (monkey area F2, Matelli, Govoni, Galletti, Kutz, & Luppino, 1998) . From macaques studies, we know that neuronal activity in the medial intraparietal area (MIP; part of the parietal reach region) within the intraparietal sulcus (IPS) increases dependent on the direction of hand movement towards a visual target indicating that MIP neurons are involved in the coordination of hand movements and visual targets (Eskandar and Assad, 1999) . Furthermore, it has been described that SPL is engaged in hand motor control even in the absence of a visual feedback stimulus (Grefkes and Fink, 2005) . Hence, the SPL activity observed in this study is very likely to be driven by similar motor-related processes. In contrast, selfinitiated movements are driven by prefrontal rather than parietal regions. However, the fact that our data suggest a strong relation between neural activity of SPL and performance supports the hypothesis that the SPL shows indeed motor-specific properties. We further know that activation of right parietal regions reflect a right hemisphere specialization for visuospatial processing as required for adaptation (Krakauer et al., 2004) . In contrast, left parietal activation has been more associated with corrections for visuomotor errors (Desmurget et al., 1999) and planning visually targeted movements (Mutha, Sainburg, & Haaland, 2010) . Thus, the contralesional hemisphere seems to play an important role for the functional compensation of the ipsilesional hemisphere. Given that the task of this study also required a visuomotor transformation (transforming the frequency of the blinking visual cue into a corresponding fist closure frequency), we hypothesize that increased recruitment of contralesional/right SPL in this sample of patients may reflect a stronger dependence on visuomotor transformation processes in order to maintain task performance with their strokeaffected hand. Several studies already focused on the role of SPL in combining motor and visual signals (e.g., Fink et al., 1999; Kalaska and Crammond, 1995; MacDonald and Paus, 2003; Sirigu et al., 2004; Stanley and Miall, 2007; Wolpert, Goodbody, & Husain, 1998) . For example, Wolpert et al. (1998) reported a patient with a lesion of the superior parietal lobe showing both sensory and motor deficits consistent with an inability to maintain such an internal representation between updates and revealed that the SPL plays a key role in sensorimotor integration by actively maintaining an internal representation of the body's state. Furthermore, Stanley and Miall (2007) used fMRI to investigate the influence of a visual discrimination task by concurrent motor performance. The authors observed that a mismatch between performed action and visual feedback leads to an inaccurate neural representation of the body's state resulting in stronger neural activity within contralateral SPL (Stanley and Miall, 2007) . These findings suggest that motor efference and visual information are combined in the SPL to form a model or representation of the current position/state of the contralateral limb (Stanley and Miall, 2007) . Thus, the functional relevance of SPL in providing ongoing proprioceptive and efference copy information about the hand that may play a crucial role for reorganization of the motor system after stroke. However, "motor attention" effects are usually observed for left parietal cortex (Davranche, Nazarian, Vidal, & Coull, 2011; Rushworth, Johansen-Berg, Gobel, & Devlin, 2003) . Therefore, the findings of this study indicate that in the reorganized brain such processes may also draw upon the unaffected (here: right) hemisphere. In a longitudinal fMRI study from our group, Rehme et al. (2011b) observed increases of neural activity also in contralesional anterior SPL during early recovery from stroke-induced hand motor deficits. This right SPL activity was interpreted to reflect stronger reliance on somatosensory information as a compensatory mechanism for controlling the paretic hand in the subacute phase after stroke (Rehme et al., 2011b) . The fMRI data of this study corroborate this interpretation but extend previous findings by showing that this putative supportive influence of SPL can also be observed in the reorganized brain of well-recovered chronic stroke patients. We, therefore, hypothesize that the frequency-dependent increase of neural activity within SPL modulates temporal precision of even simple recovered hand movements but also attentional resources that finally contribute to the flexible modulation of motor behavior in patients. Consistent with such an interpretation, our connectivity data also identified a frequency-dependent influence from contralesional/right SPL onto ipsilesional/left M1 that was only present when patients moved their stroke-affected hand. Interestingly, at uncorrected p values, a stronger coupling strength from contralesional/right SPL onto ipsilesional/left M1 when patients moved their affected/right hand could also be observed independent of the movement speed. The stronger coupling of right SPL with left M1 might, therefore, explain the stronger frequency-dependent increase in contralesional neural activity within SPL. Previous stroke studies also suggested that stronger connectivity between ipsilesional M1 and contralesional SPL might predict a higher level of recovery at chronic stroke stages (Inman et al., 2012; Lotze et al., 2006; Yin et al., 2012; Zhao et al., 2016) . For example, Lotze et al. (2006) showed that disturbance of contralesional SPL activity by means of rTMS is associated with deterioration of movement timing and accuracy in chronic stroke patients. This supportive role of contralesional SPL in movement timing is well in line with the present data, and supports the view that this region serves as a multimodal integration area controlling temporal and spatial precision of recovered complex hand movements in the contralesional hemisphere (Lotze et al., 2006) . Moreover, Schaechter and Perdue (2008) compared the effects of TMS bursts on complex finger sequences in patients and agematched healthy controls for timing errors and accuracy of performance. The authors revealed that stimulation over contralesional SPL was associated with both timing and accuracy deficits in patients while in healthy controls, no changes in movement performance could be observed. Thus, contralesional SPL seems to have a beneficial role for cortical control of effectively recovered complex motor behavior in stroke patients (Schaechter and Perdue, 2008) . Together with these findings, our data indicate that a stronger interhemispheric SPL-M1 connectivity is not only specific for the lesioned motor network, but might rather reflect a compensatory mechanism that enables the brain to flexibly adapt to varying motor demands.
| Limitations
Apart from the limitations discussed above (e.g., no kinematic recordings inside the scanner), another limitation of this study can be seen in fact that we only included patients with left-hemispheric stroke to eliminate any additional effects related to hemispheric dominance.
Thus, this study provides a very homogeneous sample of patients, which might have facilitated finding significant effects with high anatomical specificity despite the relatively small number of subjects.
However, it may well be that in a larger sample, more connections would have shown significant relationships with behavioral parameters. Therefore, the connections identified in this study are likely to represent those with most consistent effects.
Another limitation of this study is the limited number of areas included in the connectivity model. Owing to the technical and computational limitations of DCM in its current implementation, we could not consider all important network that are known to be involved in the motor control of even simple hand movements, for example, prefrontal and subcortical regions (Filimon, 2010; Pool et al., 2013 Pool et al., , 2014 . In DCM, model complexity is penalized by more conservative shrinkage priors to ensure that the system remains stable (Friston et al., 2003) .
Thus, the number of included regions in DCM is always a tradeoff between model fit and generalizability, requiring a hypothesis-driven approach for selecting areas of interest. Therefore, we here focused on including core areas of the parietofrontal sensorimotor system to elucidate their contribution for hand motor function after stroke.
Finally, the question arises how specific the present fMRI/DCM results are for the given motor task studied in the scanner. In other words: How likely do the results generalize to other motor tasks, for example, without visual components or more complex motor behavior (finger sequences, pointing movements)? It seems to be clear that the more a task deviates from the present one with respect to complexity, fMRI results will inevitably change, for example, by stronger recruitment of prefrontal and/or parietal areas. However, apart from the specific influence that a behavioral task has on fMRI activation patterns, there is consistent evidence from a number of fMRI stroke studies showing general activation effects despite differences in motor tasks.
For example, in stroke patients with motor deficits, also grip force tasks (with visual feedback) performed with the stroke-affected hand elicit activation changes in contralesional premotor and parietal cortex including intraparietal sulcus, that is, similar regions as included in the PMd and SPL regions of interest in this study (Ward et al., 2006) . Riecker et al. (2010) demonstrated that when stroke patients with motor deficits move their index finger according to an acoustic stimulus at different frequencies, stronger signal increases could be observed in contralesional PMd and anterior intraparietal cortex/SPL. Given that in our study, despite differences in sensory stimulation (visual vs acoustic) and motor effector (index tapping vs fist closures), similar regions showed an effect in the stroke patients group, a certain degree of generalizability of our findings to other motor tasks can be assumed.
| Conclusion
In conclusion, both ipsilesional M1 and the SPL of the "healthy" right hemisphere seem to facilitate increases in motor performance within the reorganized stroke brain. An increased positive neural coupling of contralesional/right SPL with ipsilesional/left M1 in stroke patient provides strong evidence for a supportive role of right SPL with respect to the recovered motor function of the paretic hand. The finding that SPL-M1 connectivity is only increased in the patients' group when moving their affected/right hand but also with higher performance levels but not in controls points to a stroke-specific phenomenon, and less to a purely effort-related effect. However, the ultimate proof for this conclusion is to test the functional relevance of these brain regions with non-invasive neuromodulation techniques (e.g., TMS; Volz et al., 2017) . As a consequence, the contralesional SPL may constitute a stimulation target for noninvasive neuromodulation techniques (e.g., TMS) to enhance recovery of function after stroke.
